Unicellular cyanobacteria have attracted growing attention as potential host organisms for the production of valuable organic products and provide an ideal model to understand oxygenic photosynthesis and phototrophic metabolism. To obtain insight into the functional properties of phototrophic growth, we present a detailed reconstruction of the primary metabolic network of the autotrophic prokaryote Synechocystis sp. PCC 6803. The reconstruction is based on multiple data sources and extensive manual curation, and significantly extends currently available repositories of cyanobacterial metabolism. A systematic functional analysis, utilizing the framework of flux-balance analysis, allows to predict essential metabolic pathways and reactions and allows to identify inconsistencies in the current annotation. As a counterintuitive result, our computational model indicates that photorespiration is beneficial to achieve optimal growth rates. The reconstruction process highlights several obstacles currently encountered in the context of large-scale reconstructions of metabolic networks.
INTRODUCTION
precursors required for growth. Though certainly not without pitfalls, the predictions of FBA have proven to reasonably reflect the modes of cellular operation, with manifold applications ranging from microorganisms to algae and plant metabolism (Varma and Palsson, 1994; Shastri and Morgan 2005; Feist et al., 2009; Oberhardt et al., 2009; Grafahrend-Belau et al., 2009; Boyle and Morgan, 2009, Poolman et al., 2009 ).
The aim of our contribution is to provide a high-quality stoichiometric reconstruction of the primary metabolic network of Synechocystis sp. PCC 6803 and a characterization of its functional properties during phototrophic growth. We identify inconsistencies in the current gene annotation and suggest several genes with putative novel or different enzymatic activity for further experimental validation. Our work significantly improves upon earlier reconstructions, which were either restricted to the primary carbon metabolism (Shastri and Morgan 2005; Hong and Lee, 2007; Navarro et al., 2009) or incomplete with respect to several metabolic routes (Fu, 2008; Kun et al., 2008) . During the reconstruction process, we identified various obstacles that currently hamper the large-scale construction of metabolic models. First, despite the rather detailed annotation of the genome sequence of Synechocystis sp. PCC 6803, reflecting the high level of curation for this model organism, our analysis reveals a number of glaring gaps even within primary metabolic pathways. For several essential metabolic precursors no feasible and validated synthesis routes are known. Second, automated reconstruction and comparison of different resources is significantly compromised by heterogeneous naming conventions used in different databases, making a cross-database comparison a laborious and predominantly manual process. To facilitate model exchange and re-use, as well as to provide a resource for further studies, we therefore place specific emphasize on a consistent and standardized nomenclature. Our reconstruction complies with the minimal information requested for the annotation of biochemical models (MIRIAM) and is represented using the systems biology markup language (SBML), allowing to uniquely identify network components and enabling automated reasoning and model comparison (Le Novère et al., 2003; Hucka et al., 2003) .
The computational model is subsequently utilized to explore and characterize possible flux states of Synechocystis sp. PCC 6803. Making use of the framework of FBA, we identify essential reaction sets and optimal synthesis routes for growth and maintenance, as well as the necessary re-organization of metabolic fluxes in the BRENDA (http://www.brenda-enzymes.org/), as well as curation of primary biochemical literature and identification of putative enzymes via BLAST search. As expected, the initial draft network did not support synthesis of all required intermediates. In particular, no complete synthesis routes for the amino acids glycine, serine, cysteine, methionine, asparagine, and histidine were annotated. In these cases, we proceeded according to the following scheme: First, we aimed to identify the missing steps to complete the synthesis pathways utilizing information from other cyanobacteria. For example, the enzyme for a methylenetetrahydrofolate reductase (EC 1.5.1.20) was not annotated for Synechocystis, but is annotated for Cyanothece sp. PCC 8801, which enables the identification of a candidate gene (slr2141) for this enzyme in Synechocystis sp. PCC 6803. Second, if no satisfactory results could be obtained by direct comparison, we searched the primary literature for a description of the respective pathways, starting with cyanobacterial metabolism and then broadening the search to plants (mainly Arabidopsis thaliana) and finally across all kingdoms. Our strategy resulted in complete synthesis routes for all amino acids, except asparagine and methionine. For the latter, the synthesis steps from Microcystis aeruginosa (EC 2.3.1.31, EC 2.5.1.49) were adopted to allow for a metabolically functional network. Similar, the scheme described above was applied to test and complete the pathways for de novo synthesis of cofactors, including Coenzyme A (CoA), nicotinamide adenine dinucleotides (NAD/NADH), nicotinamide adenine dinucleotide phosphates (NADP/NADPH), flavin adenine dinucleotides (FAD/FADH), and tetrahydrofolate. Again, the initial draft network had to be supplemented with additional reactions. A complete list is provided in the Materials and Methods section and as Supplementary Information. For three reactions no reasonable candidate genes could be identified, namely UDP-glucose phosphorylase (EC 2.7.7.9), aminodeoxychorismate synthase (EC 2.6.1.85), and hydrolase of 5-amino-6-(5'-phosphoribitylamino)uracil (EC 3.1.3.-), although each step is necessary to allow for the synthesis of biomass precursors. Finally, it was verified that the model is capable to replenish each intracellular metabolite upon dilution by growth.
Main resources during the reconstruction process were the Cyanobase website (Nakamura et al., 1998) , KEGG (Kanehisa and Goto, 2000) , Meta-and BioCyc (Caspi et al., 2010) , BRENDA (Chang et al., 2009) , the CyanoMutants website (Nakamura et al., 1999) , and to a lesser extend Uniprot (Uniprot Consortium, 2010 
Functional properties of phototrophic growth
Based on the reconstructed network, the functional properties of phototrophic growth are evaluated using flux-balance analysis (FBA). Specifically, the rate of change of the vector of metabolite concentrations S can be described by a differential mass-balance exchange fluxes. We note that, owing to redundancy and flexibility within the network, the optimal solution is usually not unique.
Once the constraint optimization problem is specified, FBA allows for a functional interrogation of the metabolic network with respect to (i) its ability to synthesize all metabolic precursors at their observed molar ratios, (ii) essential reactions and prediction of gene deletion studies, (iii) optimal routes for maximal growth, (iv) flux variability analysis, as well as (v) qualitative reorganization of metabolic routes under different growth conditions.
In the following, we are mainly interested in phototrophic growth under conditions of either limiting light or limiting CO 2 availability. Within the network, inorganic carbon is taken up from the environment as bicarbonate HCO 3 -by an active (ABC) transport (Omata et al., 1999) . The intensity of light input is represented by flux of absorbed photons and translocation of H + through the membrane, partially coupled to regeneration of NADPH. Photophosphorylation and the equations for the respiratory chain are adopted from Shastri and Morgan (2005) . Figure 2 shows the predicted maximal growth rate as a function of input fluxes. Maximal growth is linearly dependent on either absorbed light or net CO 2 availability, with an offset for small light intensities. In addition to the biomass function, we assume a basal ATP demand of 0.27 mmol gDW -1 h -1 for cellular maintenance, see Materials and Methods.
In the following, all simulations are performed at a specified light intensity, whereas the model is allowed to adjust HCO 3 -uptake as necessary for optimal growth yield. In this way, we circumvent the necessity to utilize a two-step optimization strategy, as compared to Shastri and Morgan (2005) . Likewise, we do not make use of auxiliary optimization criteria, such minimal total flux, to forestall variability within optimal flux distributions. Instead, the variability in the optimal solutions is described explicitly where appropriate. The constraint optimization problem usually results in relative flux values. 
Gene deletion studies and metabolic robustness
The validity of any computational model can be examined using phenotypic data and information on metabolic knockouts. In particular, one of the prime accomplishments of FBA is its ability to predict the viability or the expected (relative) decrease in maximal growth rate upon deletion of one or more genes. In this respect, we can assess the essentiality of each gene based on two criteria: The first requirement is the persistent ability of the network to produce all precursors required for biomass formation, as specified by the BOF, even in the absence of a specific gene. Second is the requirement to regenerate all metabolites and cofactors at a specified rate in the absence of the 
From storage utilization to phototrophic growth
In the absence of light, Synechocystis is able to temporarily utilize various storage compounds, such as glycogen and to a lesser extend cyanophycin and poly-betahydroxybutyrate (PHB), to provide energy and precursors for cellular maintenance. In this respect, our in silico model allows to simulate the necessary reorganization of metabolism during the transition from glycogen-utilizing night metabolism to phototrophic growth. Figure 4 shows the metabolic transitions on a two-dimensional plane with the flux of selected reactions color-coded as a function of absorbed photons (x-axis) and glycogen utilization (y-axis). Within each subplot, the transition from night metabolism (glycogen utilization) to phototrophic growth corresponds to a path from the upper left to the lower right corner. Along such a path, we observe several characteristic transitions in the re-organization of metabolic flux.
Under conditions of storage-utilization, corresponding to a point on the y-axis in Fig. 4 ), but no CO 2 fixation takes place yet. We note that the observed in silico flux distribution during mixotrophic growth agrees with experimental results from Howitt and Vermaas (1998), who did not observe any effect on mixotrophic and phototrophic growth by the deletion of two oxidases.
Only for a light intensity above a certain threshold, flux through the Calvin-Benson cycle is initiated, resulting in an increasing rate of RuBisCO-dependent carboxylation and oxygenation. Remarkably, oxygenation of ribulose-1,5-bisphosphate (RuBP) occurs slightly before the start of CO 2 fixation, even though within the in silico optimization a complete supression of photorespiration is possible -if favorable for maximal ATP production or biomass formation. The occurence of a non-zero photorespiration in the constraint-optimization problem points to a beneficial role of the seemingly wasteful side reaction as a supply of precursors for glycine formation. In particular, during heterotrophic growth, glycine is formed as a result of proline degradation, which ceases in the presence of photorespiration. Consequently, the in silico model points to an ambivalent interpretation of the role of photorespiration during phototrophic growth, which is discussed in more detail below. We note that all results are contingent on the reconstructed network structure and the specified exchange (glycogen and light) fluxes imposed on the constraint optimization problem, and may therefore not necessarily replicate the in vivo reality. Nonetheless, the in silico simulation highlights the potential of cellular metabolism to adapt to changes in environmental conditions in complex, surprisingly subtle and sometimes non-intuitive ways.
Photorespiration revisited
One of the striking results of the in silico simulation is the occurence of a non-zero rate of photorespiration during photoautotrophic growth. In this respect, our metabolic reconstruction allows to augment the current discussion on photorespiration from a network perspective. As shown above, the constraint optimization problem assigns a nonzero flux to the oxygenation of RuBP under conditions of photosynthetic growth, suggesting a non-trivial role of photorespiration to achieve a maximal rate of biomass formation. Consequently, in the context of our network reconstruction, photorespiration turns out as the most efficient way to allocate glyoxylate during phototrophic growth. However, this superior efficiency does not hold for non-phototrophic (dark) metabolism, as already observed in Fig. 4 . In this case, the (rather low) demand for glyoxylate is met by degradation of proline, in a series of five enzymatic steps. Despite its slightly lower carbon efficieny, the synthesis of proline and subsequent conversion to glyoxylate yields additional units of NADH and ATP, as compared to photorespiration, making the pathway preferable in heterotrophic conditions when optimizing for total biomass formation. We emphasize that this difference highlights the fact that a criterion like metabolic efficiency is usually not a property of individual pathways, but must be interpreted in the context of the metabolic status and the demands of the remaining network.
Our computational results allow us to formulate two different scenarios: First, the beneficial role of photorespiration may be merely an artefact of an incomplete network topology. In particular, our results depend on the absence of alternative pathways for the formation of glycine and serine, most importantly the direct conversion of 3-phosphoglycerate to serine, via 3-P hydroxypyruvate and phosphoserine. Although no candidate genes are currently known, the pathway may be active in Synechocystis sp.
PCC 6803. In this case, photorespiration would be completely suppressed in both, phototrophic and heterotrophic, conditions when optimizing for maximal growth yield (data not shown). Alternatively, the second scenario implies that the current annotation of the Synechocystis genome, augmented by our network reconstruction, does provide a correct picture of glycine metabolism. In this case, the metabolism of Synechocystis is adapted to make use of the inevitable supply of the side product 2-phosphoglycolate under photoautotrophic conditions. In particular, there is no requirement for the organism to establish or maintain alternative and possibly more efficient pathways for glycine and serine formation. We note that this view does not contradict earlier findings on gene essentiality and growth in a high CO 2 -atmosphere. Within our simulation photorespiration is not essential and in the absence of photorespiration all essential precursors can still be synthesized, albeit with slightly lower efficiency. In the context of our study, it is not possible to conclusively resolve which of the two scenarios mirrors the in vivo reality. Nonetheless, we emphasize that only a thorough reconstruction of cyanobacterial metabolism, to the best of one's current knowledge, allows us to formulate and probe alternative hypotheses on the efficiency and optimality of reactions.
DISCUSSION AND PERSPECTIVES
Elucidation of the structure and function of metabolic networks is increasingly assisted by computational approaches that allow for a systemic view on possible interconversion routes. A prerequisite for such an analysis is the comprehensive reconstruction of the set of enzymatic reactions taking place in a single cell or organisms. Here, we have presented a manually curated reconstruction of the metabolic network of Synechocystis sp. PCC 6803, an important unicellular model organism for phototrophic metabolism.
Network reconstruction is usually based on the annotated genome sequence, in combination with various reaction and pathway repositories. However, most databases and repositories primarily focus on the 'parts lists' of enzymatic reactions, that is, they do not consider the resulting network as a functional entity. Conversely, network reconstruction specifically aims to take into account the multiple requirements that distinguish a list of reactions from a functioning network. Such requirements include the ability of the network to synthesize all essential intermediates and precursors for biomass production, to allow for energy (ATP) generation for cellular maintenance, to maintain the redox-balance, as well as to be capable to regenerate metabolites and cofactors upon dilution by growth. Failure to fulfill one or more of these requirements usually points to errors or gaps in the network stoichiometry and necessitates to revise the reconstructed network accordingly. In this sense, network reconstruction is a pre- 
MATERIALS AND METHODS

Abbreviations
Metabolic network reconstruction
Network reconstruction was performed as outlined in the main text. Starting point of the reconstruction is the cyanobacteria genome database cyanobase (http://genome.kazusa.or.jp/cyanobase) containing the annotated nucleotide sequence of the genome of Synechocystis sp. PCC 6803 (Nakamura, 1998; Nakao, 2009) . From the gene identifiers an initial list of enzymes and their associated reactions was assembled using the KEGG database (Kanehisa and Goto, 2000) .
Subsequently, the network was subjected to iterative gap-filling. Incomplete pathways were found for the biosynthesis of glycine, histidine, methionine and asparagine. To identify incomplete pathways, it was first ascertained whether the respective product can be produced under phototrophic conditions. Second, if no production was possible, it was established which set of reactions achieves production of this product in other organisms (other cyanobacterial species, and then broadening the search to plants). If applicable, candidate genes were identified in the Synechocystis genome using BLAST An persistent problem in network reconstruction is that for many enzymes the electron acceptors and donors are unknown (see for example the proline dehydrogenase EC 1.5.99.8 or the glycolate dehydrogenase EC 1.1.99.14). In this case it was assumed that NADH acts as the final electron donor and NAD as the final acceptor, respectively.
Similar, for many enzymes the cofactor specificity with respect to NAD(H) and NADP (H) is unclear. In this case, the respective enzyme was assumed to catalyze both reactions.
This choice has only marginal consequences on the results of FBA, since the network includes a NAD/NADP transhydrogenase (slr1239, slr1434), which allows a direct conversion between NADH and NADPH and vice versa. We note that FBA does not straightforwardly allow to include quantitative differences in enzyme specificity but is primarily focussed on stoichiometric information. corresponding to only 0.16% of total biomass. Additionally, the lipid demands were simplified to lipid precursors only and the formation of carbohydrates was slightly simplified. The resulting BOF is given in Table 1 .
Reconciling existing models
Several previous reconstructions of Synechocystis sp. PCC 6803 are available. To our knowledge, the first reconstruction was provided by Shastri and Morgan (2005) We find no evidence for this assertion and assume the inclusion of the glyoxylate shunt in previous reconstructions was mainly motivated by the omission of a C2-Cycle.
Flux-balance analysis
Flux-balance analysis was based on available software tools and algorithms. All optimization studies were computed using the COBRA toolbox v. . We note that the basal ATP demand, contrary to the situation in heterotrophic organisms, has no influence on the FBA solution. Likewise, the FBA optimization problem does not take dilution of metabolites, including cofactors, into account.
Comparision of in silico knock out mutants and in in vivo measurements
A crucial test for network reconstruction and FBA is the ability to correctly predict lethal gene knockouts. In our case, as described in the main text, we observe a significant overlap between in silico mutants and in vivo experiments. Several of the in silico predicted lethal genotypes can be confirmed by published data and information from the CyanoMutants repository (Nakamura et al., 1999 
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